HA-lipid spheres or 'virosomes' were prepared using neutral or negatively charged, but not positively charged, phospholipids. Virosomes were similar in size and shape to native virus particles although the HA subunits were at least twofold less numerous on the virosomes. The HA subunits were attached by their narrow end to the lipid bilayer, and could be removed by digestion with bromelain. However, HA subunits released from intact virus by digestion with bromelain, which removed the hydrophobic tail of the molecule, could not attach to liposomes. Measurements of HA spikes before (mean length 14.2 + 0.9 nm) and after attachment to liposomes (mean length 13.3 + 0.7 rim) and examination of freeze-fractured virosomes indicated that the HA did not penetrate deeply into the lipid bilayer. Similarly, HA subunits did not penetrate deeply into the lipid of virus particles. NP and M proteins could be attached to liposomes but could not be visualized by electron microscopy. Virosomes were taken up by Vero cells by viropexis with no evidence of fusion. Incorporation of HA or NP on to virosomes resulted in increased immunogenicity compared to free HA subunits or NP respectively. This adjuvant activity was not apparent in simple mixtures of HA and liposomes. The antibody induced by HA subunits, virions and virosomes reacted similarly with strain-specific (SS) antigenic determinants of the haemagglutinin.
INTRODUCTION
Liposomes are phospholipid vesicles consisting of one or more concentric lipid bilayers, wlfich share some structural features of cell membranes (Bangham et al., 1974; Tyrrell et al., 1976) . Purified membrane proteins may be incorporated into the lipid bilayer of liposomes and certain proteins such as influenza virus haemagglutinin (HA) and neuraminidase (NA) (Almeida et al., 1975; Huang et al., 1979) and the spike glycoprotein of Semliki Forest virus (Helenius et al., 1977) assume an orientation similar to that observed in their native state. These combinations of liposomes and virus glycoproteins have been called virosomes (Almeida et al., 1975) . Virosomes constitute a model system for studies on the organization of virus membrane proteins and lipids and interaction between virus particles and membranes (Haywood, 1974; Hsu et al., 1979) . Virosomes have been used as artificial target cells for studies of cytolytic T lymphocytes (Koszinowski et al., 1980) . Furthermore, Manesis et al. (1979) have reported increased immunogenicity of hepatitis B surface antigen after incorporation into liposomes. We have investigated in detail the morphology of influenza virosomes prepared using different phospholipids and particularly the location and insertion of HA spikes, and report also an increased immunogenicity of HA incorporated in virosome preparations compared to the immunogenicity of free HA subunits.
METHODS

Purification of influenza virus and preparation of HA and nueleoprotein (NP) antigens.
Influenza A virus recombinants X-49 [with HA and NA antigens of A/England/864/75 (H3N2) virus] and X-47 [with HA and NA antigens of A/Victoria/75 (H3N2) virus] were grown in embryonated hen's eggs and purified by standard techniques (Skehel & Schild, 1971) . Approx. 20 mg purified virus was disrupted by the addition of Triton X-100 detergent to a final concentration of 2% (v/v) for 15 min. In some experiments n-octyl glucoside (Sigma) was used to disrupt the influenza viruses, but with similar results to Triton X-100. The disrupted virus was fractionated on 20 to 50 % (w/v) sucrose gradients in the SW41 rotor of a Beckman ultracentrifuge by centrifugation at 35 000 rev/min for 16 h. Gradient fractions were examined for the presence of virus antigens by rocket immunoelectrophoresis (Oxford & Schild, 1977) using monospecific antisera to M protein, NP and HA antigens. The NP antigen banded in front of the HA antigen and could be obtained partly purified. The HA antigen was contaminated with a small quantity of NA. Fractions were dialysed at room temperature for 4 to 5 days against phosphate-buffered saline (PBS) before being used for the preparation of virosomes. In certain experiments HA was removed from virus particles or virosomes by digestion with bromelain (Brand & Skehel, 1972) . Virosome samples containing 10 mg lipid were incubated with 2 mg/ml bromelain for 4 or 18 h at 37 °C.
Virosomes. Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylglycerol (PG) from egg yolks and phosphatidylserine (PS), and phosphatidylinositol (PI) from wheat germ were obtained at grade I purity from Lipid Products, Epsom, Surrey, U.K. Stearylamine (SA) was purchased from K & K laboratories, Plainview, N.Y., U.S.A. and diacetylphosphate (DCP) from Sigma. All lipids were handled as 1:1, chloroform :methanol solutions. For the preparation of small unilamellar liposomes, 30 mg lipid was dried in a quickfit B24 boiling tube by rotary evaporation. A 3 ml amount of PBS was added to the lipid, which, after suspension in the aqueous medium, was kept under a stream of nitrogen and placed in a BTL bath-type sonicator until clear (usually 20 min). Virosomes were prepared by mixing 10 mg/ml sonicated suspensions of phospholipid with an equal vol. of 200/~g/ml influenza HA, with further sonication for 20 min in a bath sonicator. In certain experiments the reverse phase evaporation (REV) technique was used to prepare unilamellar liposomes with a large internal aqueous space (Szoka & Papahadjopoulos, 1978) . The quantity of HA attached to virosomes was assayed by rocket immunoelectrophoresis using monospecific anti-HA antiserum (Oxford & Schild, 1977) .
Interaction of virosomes and cells.
Chick embryo fibroblasts (CEF) and Vero cells were grown on 60 mm diam. plastic Petri dishes in Eagles MEM (Gibco) supplemented with 5 % foetal calf serum. The cell monolayers were incubated with 40 ~1 virosome suspension for 30 min at 37 °C.
Electron microscopy. Specimens for negative staining were placed on copper grids covered with a carbon support film which had been subjected to a glow discharge. A 4 % aqueous solution of sodium silicotungstate pH 7.4 was used as the negative stain and specimens were examined with a Philips 201 electron microscope.
Freeze-fractured specimens were adsorbed on to pieces of freshly cleaved mica which had been floated for 10 rain on an aqueous solution of 1% alcian blue. The specimen was sandwiched between the mica and a piece of brass foil and frozen in liquid nitrogen. The frozen specimen was fractured in a Balzers BAF 300 apparatus which utilized a hinge device to separate the mica and brass (Nermut & Williams, 1977) . The fractured surface was Influenza HA and phospholipid vesicles 33 I shadowed and replicated with evaporated platinum and carbon. The replicas were cleaned with sodium hypochlorite, rinsed and placed on copper specimen grids.
Sections of pellets of virosomes and whole viruses were also examined by electron microscopy. Pellets were formed by centrifugation at 40000 rev/min for 90 min in the SW50.1 rotor of a Beckman ultracentrifuge and they were fixed in a mixture of 25 % glutaraldehyde and 2% osmium tetroxide in 0.2 M-sodium cacodylate buffer pH 7.4 for 1 h at 4 °C. The specimens were treated with uranyl acetate and then dehydrated, embedded and sectioned by standard techniques. Cells which had been incubated with virosome preparations were also fixed and processed for sectioning as above.
For scanning electron microscopy, the virosome suspensions were allowed to adsorb for 5 min on to copper grids bearing formvar and carbon support films which had been subjected to a glow discharge. The grids were put immediately into the mixed glutaraldehyde and osmium tetroxide fixative (see above) for 5 min. The specimens were dehydrated rapidly in graded ethanol solutions containing 1% uranyl acetate. Absolute alcohol without uranyl acetate was used for transferring the specimens to a Polaron critical point drying apparatus and the alcohol was then replaced with carbon dioxide. The specimens were dried in carbon dioxide, coated with gold and palladium by evaporation and examined with a Philips 501 scanning electron microscope. All counts and measurements from electron micrographs were made with the aid of a Kontron digiplan apparatus.
Immuno_genicity studies. Groups of 10 young guinea-pigs were immunized intradermally with 0.1 ml of a suspension of HA virosomes, virions or influenza HA subunits. The quantity of HA ~g/ml) was estimated by rocket immunoelectrophoresis (Oxford & Schild, 1977) . Serum samples were taken after 10 days and in some experiments animals were given a booster dose of the same antigens. Antibodies to HA were quantified using the single radial haemolysis (SRH) test, with virus attached to red blood cells by means of chromium chloride . Measurements of antibody by SRH have been shown to be highly reproducible (standard error + 5 %). In certain experiments to determine the specificity of the induced antibody, the sera were adsorbed with homologous or heterologous influenza A viruses before testing on SRH immunoplates. A 20 al amount of serum was mixed with 5 #1 purified virus (10 mg protein/ml) for 30 min at room temperature, and the mixture then placed in the 3 mm wells of the respective immunoplate . Antibodies to NP antigen were quantified by single radial diffusion with incorporation of detergentdisrupted avian influenza virus A/Chicken/Germany/'N'/49 (Hav2Neql) in the agarose (Oxford & Schild, 1975) . A 500 ag amount of purified virus in 60/A PBS was disrupted by the addition of 20 ~tl 1% Sarkosyl detergent (Ciba-Geigy U.K.) for 20 min at room temperature and then added to 3 ml agarose.
RESULTS
Comparative morphology of virosomes
The liposome preparations contained predominantly unilameUar vesicles with a mean diam. of 50 nm (Fig. l a) . The HA preparations contained mainly rosette-like clusters of subunits aggregated at their hydrophobic ends (Laver & Valentine, 1969 ) with a proportion of individual HA subunits (Fig. 1 b) . Neuraminidase subunits were observed infrequently in the preparations although neuraminidase enzyme activity was detected. The morphology of the virosomes prepared by sonication ( Fig. 1 c) or by the REV techniques was similar to that described by Almeida et al. (1975) but some additional features were noted. The HA subunits, which were triangular or wedge-shaped, were always attached to the liposome by their narrower ends so that they had the same orientation as on the ~irus particle (Fig. 2a, b) . Occasionally, HA subunits were observed both on the outside and inside of virosomes (Fig. 2c). Such an apparently internal arrangement of HA subunits occurred in virosome preparations made with different lipids but they were seen most frequently in irregularly shaped PG virosomes. Virosomes were prepared with different lipid compositions and comparisons were made of the percentage of liposomes bearing HA subunits, the average number of HA subunits on the virosomes and the average size of the virosomes (Table 1) . Influenza HA attached more readily to negatively charged or neutral liposomes than to positively charged liposomes. In addition, there were differences in the average number of subunits attached to different types of virosomes. PI virosomes consistently carried more HA subunits than PC : DCP virosomes, even though the two types of preparations contained a similar percentage of virosomes (Table  1 ). The number of HA subunits on the virosomes was always less than the number found on intact virus particles. A mean of 27 HA subunits was counted around the periphery of 50 nm diam. intact virus particles, compared to 13 peripheral HA subunits on PI virosomes. This may underestimate the difference in HA subunit density of virosomes and virus particles since the majority of the virosome HA subunits appear peripheral after negative staining whereas virus particles clearly possess HA evenly distributed over the whole surface.
Virosomes were examined by scanning electron microscopy and by sectioning in order to confirm that they were spherical unilamellar vesicles. Scanning electron microscopy of PC and PC :SA virosomes clearly showed their spherical nature and the considerable size variation of PC virosomes (Fig. 3 a, b) . Sections of a pellet of PC :SA virosomes revealed unilameUar vesicles ranging in diam. from 70 to 500 nm (Fig. 4) . The HA subunits and the smaller virosomes (25 to 60 nm) were not detectable by these techniques. The width of the lipid bilayer in sections of virosomes and virus particles was identical (approx. 7.5 nm).
Depth of insertion of HA spikes on virus particles and virosomes
Evidence for penetration of the HA subunits through the liposome membrane was sought by freeze-fracture experiments and by relative measurements of free HA and HA exposed on the liposome surface. Measurements were taken from 14 electron micrographs of the length of 500 HA spikes on virosomes, on virus particles and as single free spikes. The mean lengths and standard deviations were 13.3 +_ 0.7 nm, 12-2 + 0-7 nm and 14.2 _+ 0.9 nm respectively. Thus, there was no evidence from the measurements of deep insertion of H A subunits in either virus or virosome membranes. Furthermore, freeze-fracture preparations of virosomes indicated that the H A spikes did not penetrate far into the lipid bilayer. Typically, both the convex and concave fracture faces of virosomes were smooth (Fig. 5 a) and there was no indication of the large particles seen on the concave fracture face of the whole virus (Fig. 5 b) (Nermut & Frank, 1971 ). was 3.7 compared with approx. 6 on the untreated virosomes (Fig. 6 a, b) . Numerous internal subunits were visible, however, and these were apparently not attached to the lipid membrane. After 18 h incubation no virosomes with external subunits were observed even though the original preparation contained 36 % normal virosomes.
Effect of bromelain on virosomes
Haemagglutinin monomers prepared from X-47 virus by digestion with bromelain failed to attach to liposomes. A large number of single bromelain H A subunits were seen closely surrounding liposomes in negatively stained samples but the subunits were never attached so as to form virosomes (Fig. 6 c) .
Interaction of virosomes and cells
Numerous PC : D C P virosomes were found on the surface of Vero cells after 30 min incubation at 37 °C (Fig. 7 a) . The size of the attached virosomes ranged from approx. 30 to Influenza HA and phospholip id vesicles 3 3 7 300 nm. Although the majority of virosomes were extracellular a proportion of the small virosomes were observed in cytoplasmic vacuoles (Fig, 7 b) . There was no evidence of fusion between the virosomes and the plasma membrane in contrast to the findings of Rott (1980) 3.9 ± 1.9 22.9 ± 5.8 39.1 ± 6.2 74-6 ± 8.6 12-1 ± 3.4
41-8 _+ 6.4 0.8 64-3 + 8-0 * Guinea-pigs were immunized intradermally with 0.1 ml of the different antigen preparations and serum samples taken at 10 days. The animals were given a booster dose of antigen on day 11 and bled finally 1 week later. HA was purified from X-49 recombinant virus. cell types. In the absence of incorporated HA no cellular attachment of liposomes was observed.
Immunogenicity of virosomes
Virosomes, virus particles or HA subunits were used to immunize guinea-pigs and the post-immunization sera tested for antibody to virus HA. Following primary immunization with 2 pg HA, antibodies were detected by SRH tests in a high proportion of animals immunized with PC :DCP or PI virosomes (Table 2) . A less frequent response was detected in animals immunized with HA subunits alone or with a mixture of HA subunits and PC : SA liposomes where HA was not attached to the liposome. The most immunogenic form of the HA was the virosome preparations, whilst HA subunit preparations were less immunogenic ( Table 2 ). The increased immunogenicity of the virosome preparations compared to HA subunits was not so marked after a booster dose of the respective antigen. After a primary dose of immunogen the antibody response to HA PC :DCP virosomes was approx. 10-fold more than that to HA subunits. However, after a booster dose of 2/~g HA, a rapid secondary response was detected in all animals regardless of the previous priming. The PC :DCP virosome preparation was most immunogenic, but now only a threefold increase in antibody response was detected, compared to animals immunized with HA rosettes. An antigen extinction test in groups of eight guinea-pigs was carried out to investigate further the quantitative effect on the immune response of incorporation of HA on to virosomes. A minimum concentration of 2.5/~g HA subunits was required to produce a detectable primary immune response (mean SRH zone area of 1.5 mm2), whereas a 10-fold lower concentration of HA incorporated into virosomes (0.25 ~tg) produced an immune response measured as 9.6 mm 2 mean zone area in the SRH test. The immunogenicity of PC : DCP virosomes was investigated in consecutive experiments with different virosome preparations and the mean titre of the antibody response was increased 16.1-, 2.3-and 27.9-fold, compared to HA subunits.
A correlation was noted between the morphology of the virosomes and immunogenicity since virosomes prepared using PC :SA lipid to which HA was not attached or attached in a relatively low proportion of the virosomes did not have increased immunogenic activity (Table 2 ). In addition, administration of HA subunits and PC :DCP liposomes to separate sites in the guinea-pig did not result in any adjuvant effect on the immune response to HA.
The specificity of the anti-HA antibody induced by HA subunits, virosomes and intact virus particles was analysed by SRH tests to determine the proportion of antibodies reacting with strain-specific (SS) and crossreactive (CR) determinants of the HA molecule (Virelizier et al., 1974; Laver et al., 1974) . No qualitative differences were detected between the antibody responses following immunization with HA rosettes, vMons or virosomes. After primary immunization the animals in each group produced antibody reacting with the homologous A/PC/73 (H3N2) virus. No CR antibody response was detected by SRH tests. However, after a booster dose of HA antigen the secondary antibody response was directed towards both CR and SS antigenic determinants of HA. Antibodies reacting with the SS determinants of A/HK/68 virus were not detected.
In additional experiments, purified NP antigen of influenza A virus (200 gg/ml) was added to the aqueous phase during preparation of PC :DCP liposomes to incorporate the protein inside the virosome. Association of NP with the liposomes was established by single radial diffusion techniques using monospecific antiserum to NP. Guinea-pigs were immunized twice at 10-day intervals with 5 gg/dose NP antigen, either alone or associated with liposomes, and bled 7 days after the second immunization. Specific anti-NP antibody was detected in sera of five animals immunized with the virosome preparation (mean zone area 6.8 mm 2 by the SRD test), but only to a low degree (mean zone area 1.6 mm 2) in two out of five animals immunized with NP alone.
DISCUSSION
The virosomes prepared in the present study were of similar size and shape to native influenza virus particles as determined by negative staining and by scanning electron microscopy. The HA subunits were attached by their narrow ends and thus had essentially the same orientation as in the virus. Furthermore, the subunits could be removed by incubation with bromelain, thus confirming insertion at the hydrophobic tip. Sectioning techniques established that the virosomes were unilameUar. Closer packing of influenza HA subunits on virosomes has been described by Huang et al. (1979) but these preparations contained virus-derived lipids as well as added synthetic lipids. The virosomes adsorbed and penetrated cells in a manner comparable to that described for influenza A virus particles (Dales, 1973; Bachi, 1970; Dourmashkin & Tyrrell, 1974; Patterson et al., 1979) . There is controversy whether influenza HA could act as a fusion protein (Waterfield et al., 1979) . No fusion events were detected with virosomes in the present study, although the HA used to prepare virosomes was purified from virus cultivated in embryonated hen's eggs which would have resulted in cleavage of the HA. However, we were unable to establish the quantity of NA attached to the virosomes and thus the preparations would differ from those used by Rott (1980) where fusion events were detected. Koszinowski et al. (1980) were able to demonstrate fusion of reconstituted influenza envelopes with cells only in the presence of Sendai virus. In preliminary experiments we have attempted to incorporate M and NP proteins internally and HA externally on REV liposomes (J. S. Oxford, D. Hockley & T. Heath, unpublished data) . Immunological examination of the virosome preparations by single radial diffusion has indicated association of the three virus proteins with liposomes but to date we have been unable to demonstrate the location of M or NP antigens internally or externally by electron microscopy. However, the virosome model reconstitution system may provide further information on any morphological interaction between internally situated M protein and external HA glycoprotein. Furthermore, RNA may be encapsulated in large liposomes (Dimitriadis, 1978) .
Earlier studies on the morphology of influenza A virus (Nermut, 1972; Schulze, 1973; Wrigley, 1979; Lenard, 1978) have not established the precise point or depth of attachment of the HA subunits to the lipid bilayer of the virus. There is evidence with other enveloped viruses such as VSV derived from experiments with crossqinking agents (Dubovi & Wagner, 1977) and spin label probe analysis (Lenard & Compans, 1974 ) that the glycoprotein may penetrate the lipid bilayer envelope to contact the underlying M protein. The measurements of free influenza HA subunits and subunits attached to virosomes or virions in the present study indicated that the HA subunits did not penetrate through the lipid bilayer. The difference in length between free monomer HA or HA rosettes and HA attached to virion or virosomes was no greater than 2 nm whilst the distance between the two leaflets of the lipid bilayer was approx. 7 nm as estimated from virus sections (see also Nermut, 1972) or 4 to 5 nm in cells estimated by X-ray diffraction techniques (Lenard, 1978) . It is unlikely that the mild non-ionic detergent used to release HA from virions caused contraction or elongation in the HA subunit. However, the present results do not exclude the possibility of a hydrophobic tail or portion of the HA which may penetrate the lipid membrane but which is not detectable by electron microscopy or by sedimentation in sucrose gradients. In similar experiments with paramyxovirus virosomes, Hsu et al. (1979) measured the distance between the outer end of the glycoprotein HN subunit and the vesicle surface and also the subunit lengths on the virus envelope and in aggregates of isolated glycoproteins and concluded that after reconstitution the HN subunit maintained its natural dimension (14 nm) and orientation. In the latter study the overall size and shape of the reconstituted particles was determined by both the lipid concentration and the specific glycoprotein present, and the densities of HN subunits on the virosome fluctuated by a factor of four. In our study no filamentous structures were notedall virosomes, regardless of the lipid used appeared as vesicles, although some PG virosomes were irregular in shape and had a large proportion of apparently internalized HA subunits.
The immunogenicity studies indicated that the attachment on HA on to a PI or PC :DCP virosome increased its ability to stimulate antibody response compared to free HA subunits. Virosomes have potential value in enhancing the immunogenicity of virus glycoprotein subunits used as vaccines. The immunostimulating effect of liposomes on influenza HA and NP is in keeping with previous observations of the adjuvant effects of liposomes and many lipid substances with bovine serum albumin , diphtheria toxoid (Allison & Gregoriadis, 1974) , hepatitis B antigen (Manesis et aL, 1979) and malarial membrane antigens (Siddiqui et al., 1978) . The major effect of lipid substances on the immune response may concern the presentation of the antigen, and the insertion of the HA into the lipid bilayer would appear to be critical for its increased immunogenicity. It should be noted that incorporation of HA subunits on to PE liposomes did not result in increased immunogenicity (J. S. Oxford & D. Hockley, unpublished data) and, therefore, further studies are required to determine the optimum lipids to be used. Covalent attachment of long-chain alkyl groups to albumins can alter the type of immune response from a humoral antibody response to a delayed-type hypersensitivity response where no antibody is produced (Coon & Hunter, 1973) . In further experiments we have incorporated the synthetic adjuvant 6-O-stearoyl-MDP into virosomes which resulted in a further threefold stimulation of anti-HA response (J. S. Oxford, A. C. Allison & G. C. Schild, unpublished data) . Incorporation of the internally situated M and NP proteins into virosomes may result in increased immune response if either protein has a carrier function and recent immunological experiments have indicated such a function for M protein (Russell & Liew, 1979) .
